Background: Limited data exist regarding ventilation in patients with class III obesity [body mass index (BMI) > 40 kg/m 2 ] and acute respiratory distress syndrome (ARDS). The aim of the present study was to determine whether an individualized titration of mechanical ventilation according to cardiopulmonary physiology reduces the mortality in patients with class III obesity and ARDS. Methods: In this retrospective study, we enrolled adults admitted to the ICU from 2012 to 2017 who had class III obesity and ARDS and received mechanical ventilation for > 48 h. Enrolled patients were divided in two cohorts: one cohort (2012-2014) had ventilator settings determined by the ARDSnet table for lower positive end-expiratory pressure/higher inspiratory fraction of oxygen (standard protocol-based cohort); the other cohort (2015-2017) had ventilator settings determined by an individualized protocol established by a lung rescue team (lung rescue team cohort). The lung rescue team used lung recruitment maneuvers, esophageal manometry, and hemodynamic monitoring. Results: The standard protocol-based cohort included 70 patients (BMI = 49 ± 9 kg/m 2 ), and the lung rescue team cohort included 50 patients (BMI = 54 ± 13 kg/m 2 ). Patients in the standard protocol-based cohort compared to lung rescue team cohort had almost double the risk of dying at 28 days [31% versus 16%, P = 0.012; hazard ratio (HR) 0.32; 95% confidence interval (CI95%) 0.13-0.78] and 3 months (41% versus 22%, P = 0.006; HR 0.35; CI95% 0.16-0.74), and this effect persisted at 6 months and 1 year (incidence of death unchanged 41% versus 22%, P = 0.006; HR 0.35; CI95% 0.16-0.74). Conclusion: Individualized titration of mechanical ventilation by a lung rescue team was associated with decreased mortality compared to use of an ARDSnet table.
Background
Approximately 40% of all adults in the USA are obese [1] . The prevalence of the most severe form of obesity [class III obesity: body mass index (BMI) > 40 kg/ m 2 ] is approaching 10% (> 30 million Americans) [2] . Little has been done in the intensive care unit (ICU) to study this healthcare epidemic, which is associated with overall reduced life expectancy [3] . A common cause of ICU admission for patients with class III obesity is acute respiratory distress syndrome (ARDS) [4] , often leading to dependency on mechanical ventilation, high incidence of tracheostomy [5] , severe kidney failure [6] , multiple organ failure, and significantly higher all-cause mortality [7, 8] .
Appropriate protective mechanical ventilation is the cornerstone for treatment of patients with ARDS [9] [10] [11] [12] [13] . To improve lung healing and survival, several ventilation strategies have been tested with different degrees of success. Positive end-expiratory pressure (PEEP) and lung recruitment maneuvers (LRM) are two ventilation strategies aimed to decrease overstretching of lung parenchyma and cyclic opening and closing of small airways and alveoli (i.e., barotrauma, volutrauma, and atelectrauma). Obesity has been an exclusion criterion in most of the major ARDS trials testing different modalities to titrate mechanical ventilation [9, 11, 14, 15] . Despite a lack of evidence of benefit to patients with obesity, most clinicians use the ARDSnet PEEP/inspiratory fraction of oxygen (F i O 2 ) protocol [9, 11] to titrate mechanical ventilation in all ARDS patients.
Our recent studies confirm that pleural pressure in patients with class III obesity is higher than in patients with lean body habitus [16] [17] [18] [19] . Increased pleural pressure significantly reduces lung volume (especially functional residual capacity) and leads to formation of atelectasis, which is associated with shunting and hypoxemia [17] [18] [19] . Patients with obesity often have highly recruitable lungs, and common PEEP levels used in the ICU are not sufficient to prevent atelectasis [17] [18] [19] . As a result, in this population, only an individualized physiological titration of PEEP with a LRM is effective to counter the detrimental effects of increased pleural pressure, resulting in lung re-expansion [17] [18] [19] .
We tested the hypothesis that implementation of a specialized team (the lung rescue team) exclusively assessing patients with both obesity and ARDS would reduce mortality due to individualized physiologic treatment of such unique patients. To provide individualized titration of mechanical ventilation in patients with class III obesity, the Massachusetts General Hospital (MGH) Respiratory Care Service together with the Critical Care Group implemented a lung rescue team in 2014.
Methods

Patients and measurements
The Institutional Review Board approved the study (MGH-IRB-2017P000544) with waiver of patient consent.
Adult patients (≥ 18 years of age) with the following entry criteria were enrolled: (I) class III obesity (BMI > 40 kg/m 2 ), (II) diagnosis of ARDS [4] , (III) mechanical ventilation for > 48 h, and (IV) admission to MGH surgical or medical ICU from January 1, 2012, to December 31, 2017. None of these patients participated in any MGH ARDS ongoing interventional trials.
This retrospective study compared two cohorts of patients. During 2012-2014, mechanical ventilation settings of the first cohort of patients (standard protocolbased cohort) was titrated according to ARDSnet PEEP/ F i O 2 guidelines [9, 11] . During 2015-2017, mechanical ventilation of the second cohort of patients (lung rescue team cohort) was treated by the lung rescue team.
During ICU admission and the first 4 days of mechanical ventilation, patient characteristics together with cardiopulmonary and hemodynamic were recorded. Patients' outcomes up to 1-year follow-up were also recorded.
Interventions
All ARDS patients at MGH were ventilated in volumecontrolled or pressure-controlled ventilation mode, with tidal volumes of 4-8 mL/kg of predicted body weight while maintaining plateau pressure of < 28 cmH 2 O and respiratory rate titrated to maintain 88%-95% SpO 2 and permissive hypercapnia with pH > 7.25 and PaCO 2 < 60 mmHg [20, 21] . To prevent ventilation asynchrony and for ARDS treatment, patients were paralyzed with cisatracurium to suppress train-of-four to 0 to 1 [22] .
For the standard protocol-based cohort ( Fig. 1 , panel 1), ventilation of patients with class III obesity was managed using ARDSnet PEEP/F i O 2 tables [11] . Due to the absence of benefit associated with the higher PEEP/ lower F i O 2 table [11] , the lower PEEP/higher F i O 2 table was used.
For the lung rescue team cohort ( Fig. 1, panel 2 ), ventilation was started based on the lower PEEP/higher F i O 2 table. Subsequently, ventilation was titrated by the lung rescue team, composed of a critical care physician, two critical care fellows, and an ICU respiratory therapist. The lung rescue team represents the clinical evolution of the research activity performed by our group. In recent years, our group extensively investigated ventilatory management of patients with obesity and acute respiratory failure, and these studies often led to a dramatic improvement in the levels of hypoxemia. Consequently, the ICUs of MGH started to request a respiratory consult and a clinical team was implemented. The lung rescue team evaluated patients within the first day from the beginning of mechanical ventilation. The clinical decisions of the lung rescue team were based on multiple measurements of respiratory mechanics and hemodynamics; mechanical ventilation was accurately titrated using LRM and choosing the correct value of PEEP matching information from decremental PEEP trial, end-expiratory transpulmonary pressure measurements, and the use of electrical impedance tomography. Hemodynamics was carefully analyzed through standard hemodynamic parameters and right heart echocardiography with the aim to intensively study the interaction between lung and heart/vascular function [23] .
In both cohorts of patients, the weaning process from mechanical ventilation was performed according to the recommendations of the 2005 International Consensus Conference [24] .
Statistical analysis
Baseline characteristics, respiratory mechanics, and hemodynamics during the first 4 days of ICU admission and outcomes were compared between the two groups with two-sample parametric or nonparametric tests as appropriate. Normality of distribution was assessed using the Shapiro-Wilk test. T-test/Wilcoxon rank-sum and chi-square test were used for group Fig. 1 Standard protocol-based approach versus lung rescue team approach. According to the standard protocol-based approach, ARDS patients were essentially treated setting the mechanical ventilator in accordance with the indications provided by ARDSnet tables (panel 1). Conversely, an individualized lung rescue team approach (panel 2) involved a thorough (multidisciplinary) assessment of respiratory mechanics, including esophageal pressure monitoring (2, A), as well as the patient's response to lung recruitment. The best-PEEP was titrated based on a decremental PEEP trial, while hemodynamics was assessed by means of transthoracic echocardiography (2, B). PEEP, positive end-expiratory pressure; F i O 2 , inspiratory fraction of oxygen; P L , transpulmonary pressure comparison among continuous/categorical and categorical/categorical variables, respectively.
The primary outcome was mortality at 28 days and was decided a priori during the study design process. The effect of lung rescue ventilation strategy on mortality up to 1-year follow-up was assessed using Kaplan-Meier curves, and hazard ratio was calculated using the Cox proportional hazard model. Kaplan-Meier analysis was used to examine unadjusted differences in survival in the two groups. The Cox proportional hazard model was used to examine differences in survival after adjusting for predetermined potential confounders (BMI, age, APACHE, PaO2/FiO2 ratio). A two-sided P value of < 0.05 was considered statistically significant. Data from all patients admitted to the ICU that met inclusion criteria were collected and included in the analysis; an a priori sample size calculation was not performed. All statistical analysis and all graphs were performed using STATA version 13 (STATA Corp., USA).
Please see supplementary materials for details regarding patient screening, recordings, measurements, and interventions.
Results
Patient characteristics
From 2012 to 2014, 70 ARDS patients (BMI = 49 ± 9 kg/ m 2 ) were managed according to a standard protocolbased approach. From 2015 to 2017, 50 ARDS patients (BMI = 54 ± 13 kg/m 2 ) were managed by the lung rescue team. Upon ICU admission, patients in the first cohort were slightly older (57 ± 13 years versus 52 ± 14 years, P = 0.03). No other baseline comorbidities differed between the groups (Table 1) .
Ventilation settings
At ICU admission, P a O 2 /F i O 2 was higher in the standard protocol-based cohort (PaO 2 /FiO 2 ratio of 197 mmHg [CI95% 177-217], compared to 154 mmHg [CI95% 127-179] in the lung rescue group, P = 0.003) ( Table 2 and Additional file 1: Table S1 ). No other differences were observed in baseline lung mechanics between the two cohorts ( Table 2 and Additional file 1: Table S1 ).
Patients in the standard protocol-based cohort were all ventilated according to the ARDSnet lower PEEP/higher F i O 2 table [11] for > 48 h (average 198 ± 278 h). PEEP levels and respiratory mechanics did not change during the first 4 days of ventilation. By day 4, only 10 patients (14%) had improved oxygenation to > 300 mmHg ( Table 2 and Additional file 1: Table S1 ).
Upon admission to the ICU, patients in the lung rescue group were also initially ventilated according to the ARDSnet lower PEEP/higher F i O 2 table [11] . Within 24 h after initiation of mechanical ventilation, the lung rescue team performed esophageal manometry, LRM, and a decremental PEEP trial. As a result of the lung rescue approach, PEEP increased an average of 10 cmH 2 O (9 ± 2 cmH 2 O on day 1 versus 19 ± 4 cmH 2 O on day 2, P < 0.001) and end-expiratory transpulmonary pressure passed from − 6.3 ± 3.7 cmH 2 O to + 1.7 ± 3.2 cmH 2 O (P < 0.001). All patients in the lung rescue team cohort were ventilated for > 48 h (299 ± 322 h). Comparison of time of ventilation, measured as ventilation-free days, did not reveal a difference between the two cohorts (Table 3) .
In contrast to the standard protocol-based cohort, the lung rescue team cohort showed a remarkable improvement in respiratory mechanics and oxygenation throughout the first 4 days of ventilation. Driving pressure decreased an average of 3.4 cmH 2 O, while compliance of the respiratory system improved an average of 12 mL/ cmH 2 O, suggesting considerable lung recruitment. This result was also documented by improved PaO 2 /FiO 2 ratio from 153 ± 88 mmHg at admission to 282 ± 102 mmHg on day 2, after titration of PEEP (Table 2) . On day 4, 28 patients (56%) improved oxygenation to > 300 mmHg.
Hemodynamics
A large proportion of patients in both groups (70% of patients in the standard protocol-based cohort and 76% of patients in lung rescue team cohort) presented in shock, requiring similar intravenous doses of inotropic and vasopressor agents (16, CI95% 11-21 in the standard protocol-based cohort versus 15, CI95% 9-21 in the lung rescue team cohort, P = 0.79). In the first 4 days of ICU admission, the average dose of required inotropics and vasopressors in the standard protocol-based cohort did not substantially change ( Table 2 ). In the lung rescue team cohort, despite the PEEP increase of 10 cmH 2 O, average VIS decreased during the first 4 days of ICU admission. By day 4, the proportion of patients requiring vasopressors decreased to 30%, requiring lower doses of intravenous inotropic agents and vasopressors ( 
Mortality and in-hospital outcomes
Patients in the standard protocol-based cohort compared to those in the lung rescue team had almost double the risk of dying from an ARDS diagnosis at 28 days and 3 months ( Fig. 2 and Table 3 ).
No deaths occurred in either group after 3 months, and the increased risk of mortality persisted in the standard protocol-based cohort at 6 months and at 1 year after admission. The mortality difference between cohorts was even greater when corrected for potential confounders (BMI, APACHE, age, PaO 2 /FiO 2 ratio), suggesting that a lung rescue approach is a strong independent variable of improved survival (Fig. 2 and Table 3 ).
The main cause of death was multi-organ failure in the standard protocol-based cohort (93%; Additional file 1: Table S2 ) and lung rescue team cohort (64%; Additional file 1: Table S3 ). In the remaining cases, care was withdrawn in the standard protocol-based cohort for severe and diffuse ischemic brain injury (two patients, 7%) and in the lung rescue team cohort for advanced metastatic cancer (four patients, 36%). All treatments were withdrawn based on patient's and proxy's wishes, with the exception of palliative and comfort care. Lung rescue team cohort 6.2 (5.9-6.5) 6.2 (5.9-6.5) 6.2 (5.9-6.5) 6.2 (5.9-6.6) DP a , cmH 2 Driving pressure is difference between plateau pressure (measured at the end of an end-inspiratory pause) and total positive end-expiratory pressure (measured at the end of an end-expiratory pause) b Respiratory system compliance is the ratio of tidal volume to driving pressure Information at days 3 and 4 were available for more than 80% of patients and statistics were performed only on available data If in-hospital death occurred before day 29, the ventilation-free days, the days not in ICU at day 28, and the days not in hospital at day 28 were considered to be zero To evaluate the effects of time on mortality of patients with obesity and ARDS, the two cohorts of patients were subdivided in two further subgroups of equal number of patients. The standard protocol-based cohort mortality was 40% in the first 35 patients (2012-2013) and 42% in the second 35 patients (2013-2014) indicating that mortality did not change over the 3 years. The mortality in the first 25 patients of the lung rescue team cohort was 28% (2015-2016) and 16% in the remaining 25 patients (2016-2017) , showing a decrease compared to the standard protocol-based cohort.
When mortality was accounted for, days not in hospital at day 28 [25] and days not in ICU at day 28 [25] were similar in the two groups. The increased ICU length of stay and hospital length of stay in the lung rescue team cohort have to be ascribed exclusively to improved survival ( Table 3) . No differences were observed in the incidence of reintubation, tracheostomy, and renal acute injury between cohorts.
Safety of procedures
No safety concerns were recorded associated with the lung rescue procedures (please see Additional file 1: Supplementary Materials).
Discussion
Major findings
The implementation of a lung rescue team to individually titrate mechanical ventilation according to physiological parameters in patients with class III obesity and ARDS was associated with significantly decreased mortality at 28 days and at 3 months compared with use of the ARDSnet lower PEEP/higher F i O 2 table. The mortality difference persisted at 1-year follow-up.
The largest epidemiologic study on ARDS was conducted in 2016 and reported an overall ICU mortality of 35.3% (95%CI 33.3%-37.2%) and hospital mortality of 40.0% (95CI 38.1%-42.1%) [7] , similar to what we observed in the standard protocol-based cohort treated according to the ARDSnet protocol. In 2019, two large randomized US trials in ARDS reported a mortality rate at 1 year of 44% [26] and at 90 days of 42% [25] . MGH was part of those two studies. Thus, the improved survival observed in the lung rescue group might be attributed to a prompt and sustained improvement in cardiopulmonary physiology following the individualized titration of mechanical ventilation.
In the USA, the largest trial in ARDS patients that systematically changed the common practice of mechanical ventilation was the original ARDSnet trial [9] , a study sponsored by NIH and completed in 2000. This trial developed simple and clear mechanical ventilation protocols (ARDSnet tables) to guide clinicians to deliver mechanical ventilation for ARDS patients [11] . However, obesity was a criterion of exclusion from the trial and for many subsequent ARDS trials focused on best practice of mechanical ventilation [9, 11, 14, 15, 27] .
Despite the high prevalence of class III obesity [2] in the USA and increasing health issues related to this condition, to date no study has primarily evaluated this population with ARDS. The PROBESE study [28] showed no difference between two protocolized ventilator strategies (low PEEP, [4 cmH 2 O] versus lung recruitment maneuvers and high PEEP [12 cmH 2 O]) during general anesthesia for surgery in patients with obesity and without ARDS. To our knowledge, our observational study is the first to investigate the effects on survival of an alternative individualized and physiologically driven approach of care, rather than use of ARDSnet protocols in patients with class III obesity and ARDS. In the absence of definitive guidance, over the past years we have meticulously studied pulmonary physiology and hemodynamics in mechanically ventilated patients with obesity [17] [18] [19] .
The question in ARDS patients is whether nonfunctional atelectatic lung can be re-opened without subjecting the normal lung to further injury.
ARDS patients are often said to have a "baby lung," a reduced lung volume but with a highly variable amount of recruitable lung parenchyma [29] . The increased pleural pressure in patients with class III obesity [16] [17] [18] [19] causes atelectasis of > 40% of lung parenchyma. Atelectasis in patients with class III obesity can easily be recruited [17, 19] . Our study intervention sought to maximize recruitment of atelectatic lung. This occurred, as shown by the decrease in driving pressure in the lung rescue group. Amato et al. [12] documented that low driving pressure predicts increased survival in ARDS patients. Driving pressure declined only in patients who received individualized physiologic measurements in the second cohort. Decreased driving pressure, improved compliance of the respiratory system, and improved oxygenation all confirm lung recruitment [30] .
In both the cohorts of patients, pressure-volume curves were not performed, thus careful airway closure was not estimated; however, as shown by Grieco [31] in people with obesity, airway closure might be a common phenomenon in the obese population and could co-exist with alveolar derecruitment in our patients as well. Despite the real value of alveolar pressure, it is unknown when airway closure is detected, it was shown [31] that theoretically it could be close to the airway opening pressure; consequently, the alveolar pressure at the end of expiration is independent of the applied PEEP when its value is below the opening airway pressure.
Contrary to the common association between high levels of airway pressure and reduced right heart function with hemodynamic impairment, the lung rescue approach was associated with a decreased proportion of patients requiring vasoactive and inotropic agents. During LRM and after titration of PEEP, most patients' hemodynamics remained unchanged, as shown by TTE right systolic measurements and unchanged doses of vasoactive and inotropic drug infusions. In contrast to the recently published ART trial [13] , a large study of ARDS patients, we found neither barotrauma nor cardiac arrest in our population. Differences in response to increased airway pressure found in the ART trial compared to hemodynamic stability observed in the lung rescue cohort might be explained by the large amount of recruitable lung parenchyma. When atelectatic lung is recruited, there is a decrease in pulmonary vascular resistance and right heart workload. While our study did not invasively measure cardiac output, pulmonary pressures, or filling pressures, our prior work using a porcine model of obesity documented unchanged pulmonary vascular resistance and hemodynamics with both LRM and decremental PEEP trial [18] . In patients treated according to the lung rescue approach, hemodynamic stability continues if ventilation can establish a homogeneous distribution of ventilation, physiological lung volumes with low transpulmonary pressures, and minimal alveolar overstretch, even when higher levels of airway pressures are required. Prior physiological studies have confirmed that hemodynamics of critically ill patients with high pleural pressure and obesity tolerate LRM and increased airway pressures [17, 18] .
Limitations
First, this report is not a randomized controlled trial but a single-center retrospective study with a limited number of patients, evaluating two cohorts of patients treated with different approaches to mechanical ventilation. Notably, at ICU admission, patients in the lung rescue team cohort had worse oxygenation, which is associated with a higher severity of illness, than patients in the standard protocol-based cohort [32] . Despite increased critical illness, the lung rescue team cohort had decreased mortality in multivariate analysis after adjusting for common ICU mortality confounders, including age, BMI, APACHE, and PaO 2 /FiO 2 ratio (Additional file 1: Table S4 ). The strength of the physiological rationale and improvement in mortality suggests future multicenter prospective randomized trials should be done to confirm these findings.
Second, survival benefits observed in the lung rescue team cohort might result from recent improvements in care of patients with obesity and novel ARDS therapies. However, since 2012 at MGH, there have not been changes in the care of patients with class III obesity, in titration of mechanical ventilation, or in treatment of septic shock, except those discussed in this study. Further, as mentioned in the "Methods", none of our patients were enrolled in any MGH clinical trials. Although we cannot exclude other factors beyond our knowledge that might have affected the outcomes in the two cohorts, we know that, accounting for patients enrolled in trials, ARDS mortality did not change at MGH over the past 10 years (unpublished data) and did not change in the most recent US ARDS trials [25, 26] .
Third, benefits associated with the lung rescue approach might be difficult to reproduce in other centers, unless a dedicated team has expertise in advanced measurements of lung physiology and hemodynamics. In 2014, we implemented a lung rescue team at MGH to optimize mechanical ventilation in patients with class III obesity. The research fellows that participated in the specialized team received ongoing training over a year in measurements of respiratory and cardiac physiology, including use of TTE, transpulmonary pressure measurement, and respiratory mechanics, which allowed personalized assessment of each patient in the lung rescue team cohort.
Fourth, despite we considered patients with an average BMI higher than 50 kg/m 2 , in the present study, we did not take into account the possible differences between abdominal and non-abdominal obesity and their correlation with BMI.
Conclusions
To our knowledge, this is the first observational study to specifically investigate the impact of different mechanical ventilation approaches in patients with class III obesity and ARDS on survival. We found that in patients with an average BMI of > 50 kg/m 2 , an individualized lung rescue approach based on individualized cardiopulmonary physiology is associated with a decreased in-hospital mortality. Based on our findings and considering the increasingly large group of hypoxic ARDS patients with obesity, the present study justifies the conduction of a randomized control trial testing whether a titration of mechanical ventilation based on an individualized strategy with a dedicated health professionals' team might be superior to a fixed protocol based on the ARDSnet lower PEEP/higher F i O 2 table.
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